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Abstract A population of 257 BC1 plants was develop- 
ed from a cross between an elite processing line of 
tomato (Lycopersicon esculentum cv'M82-1-7') and the 
closely related wild species L. pimpinellifolium (LA 1589). 
The population was used to construct a genetic linkage 
map suitable for quantitative trait locus (QTL) analysis 
to be conducted in different backcross generations. The 
map comprises 115 RFLP, 3 RAPD and 2 morphologi- 
cal markers that span 1279 cM of the tomato genome 
with an average distance between markers of 10.7 cM. 
This map is comparable in length to that of the high- 
density R F L P  map derived from a L. esculentum x L. 
pennellii F 2 population. The order of the markers in the 
two maps is also in good agreement, however there are 
considerable differences in the distribution of recom- 
bination along the chromosomes. The segregation of six 
GATA-containing loci and 47 RAPD markers was also 
analyzed in subsets of the population. All of the micro- 
satellite loci and 35 (75%) of the RAPDs mapped to 
clusters associated with centromeric regions. 
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Introduction 

Molecular mapping of crop plant genomes has ad- 
vanced dramatically in the past 10 years. Currently, 
molecular linkage maps are available for most major 
crops and many minor crops (O'Brien 1993; Chittenden 
et al. 1994; Reinish et al. 1994), and work is starting for 
several other plant species (Faure et al. 1993, banana; 
Kennard et al. 1994, cucumber; Yang and Quiros 1995, 
celery). 
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These maps and their associated technology have 
been used successfully for a number of applications in 
plant breeding and genetics including: (1) characteri- 
zation of genetic variation in germplasm collections 
(Figdore et al. 1988; Gawel et al. 1992), (2) gene tagging 
(i.e. identification of markers tightly linked to major 
genes) (Schiieller et al. 1992; MacKill et al. 1993), (3) 
map-based gene cloning (Arondel et al. 1992; Martin 
et al. 1993), and (4) analysis of quantitative traits (Ed- 
wards et al. 1987; Paterson et al. 1988, 1991; Tanksley 
1993). The analysis of quantitative traits is especially 
interesting for plant breeding in that it opens the door to 
a more precise manipulation of quantitative traits such 
as yield, nutritional quality and flavor. However, for 
quantitative trait locus (QTL) analysis to be performed, 
a molecular map which provides full covergae of the 
genome of interest is sought. 

The molecular markers most commonly used are 
restriction fragment length polymorphisms (RFLPs) 
(Botstein et al. 1980). Despite the many advantages 
offered by this class of markers, their use remains labori- 
ous and the level of polymorphism can become limiting, 
especially for crops with a narrow genetic base such as 
cotton, soybean and tomato. Random amplified poly- 
morphic DNAs (RAPDs) are simpler to assay than 
RFLPs and can detect polymorphisms in both low-copy 
and repetitive DNA sequences (Williams et al. 1990). 
One limitation of this class of markers is that most 
RAPD markers are dominant  and can detect only two 
alleles of a locus (presence or absence of the marker). 
Therefore, dominant RAPD markers provide less gen- 
etic information than RFLPs in certain segregating 
populations. RFLPs and RAPDs have been used in 
combination to construct a genetic map of Arabidopsis 
thaliana (Reiter et al. 1992). Integrated linkage maps 
based on both types of markers are now being generated 
for other crops (Rajapakse et al. 1995, peach; Cai et al. 
1994, citrus). 

An alternative source of DNA polymorphism has 
recently been described based on variation in the length 
of simple sequence repeats (SSRs) (also called micro- 
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satellites) (Tautz 1989; Weber and May 1989). SSRs are 
relatively short stretched of DNA that consist of tan- 
demly repeated sequence motifs 1-4 bp in length. This 
class of markers has the advantages of showing high 
polymorphism and being suitable for polymerase chain 
reaction (PCR) amplification. In humans, (CA)n repeats 
are widely distributed at a high frequency throughout 
the genome and have therefore been used for construct- 
ing a saturated genetic map (Weissenbach et al. 1992). In 
other mammals, such as the mouse, SSRs have also been 
successfully used to construct saturated linkage maps 
(Dietrich et al. 1992). Tetranucleotide simple sequence 
repeats from the classes GACA have, in contrast, been 
shown to be clustered mainly on the short arms of all 
acrocentric autosomes in the human genome and on the 
Y chromosome of the gibbon and mouse (Nanda et al. 
1990). Microsatellites also occur frequently in plant 
genomes and show extensive polymorphism (Akkaya 
et al. 1992; Morgante and Olivieri 1993; Lagercrantz 
et al. 1993). In Arabidopsis thaliana SSRs from the 
classes GA, CA, AT and A show random distribution 
and have been used to integrate the linkage map of this 
species (Bell and Ecker 1994). GATA- and GACA- 
probes have been reported to be suitable for cultivar 
identification in tomato (Vosman et al. 1992). 

In the study reported here, a molecular linkage map 
was constructed from a L. esculentum x L. pimpinel- 
lifolium interspecific backcross population. This is the 
first complete linkage map reported for L. pimpinel- 
lifolium, one of the closest relatives of the cultivated 
tomato. The map covers the entire tomato genome at 
intervals averaging 10.7 cM and is comprised of RFLP, 
RAPD and morphological markers. The L. pimpineI- 
lifolium backcross map is compared with maps derived 
from other interspecific crosses with respect to marker 
segregation, marker order and chromosomal distribu- 
tion of recombination. The map distribution of RFLP 
markers with RAPD and GATA microsatellite markers 
is also compared. The map and subsequent populations 
derived from this interspecific cross served as the basis 
for comparative QTL mapping across generations 
(Grandillo and Tanksley 1996; Tanksley et al. 1996). 

respectively by the sp and u genes (Tanksley et al. 1992). These two 
morphological markers were scored on the entire population and 
were included in the linkage map used for QTL analysis. 

Molecular markers 

RFLP analysis 

Survey blots were prepared for the parents of the cross (Ea, Eb and 
PM) using DNA extracted from leaves as described by Bernatzky and 
Tanksley (1986a) except that mercaptoethanol was substituted for by 
sodium bisulfite. The DNA was digested with seven restriction en- 
zymes (BstNI, DraI, EcoRI, EcoRV, HindIII, ScaI and XbaI) and 
subjected to Southern analysis following the procedures reported in 
Bernatzky and Tanksley (1986a). Four hundred and thirty DNA 
clones (cDNA and genomic) from the tomato high-density molecular 
map (Tanksley et al. 1992) were used for the survey. Probes were 
labeled with [32P]-dCTP by primer extension (Feinberg and Vogel- 
stein 1983). Hybridization and autoradiography were as reported by 
Bernatzky and Tanksley (1986b). A total of 115 RFLPs were chosen 
to construct the map used for QTL analysis. The BC~ plants (257 in 
all) were analyzed using the same procedures described above. 

RAPD analysts 

Random amplified polymorphic DNAs (RAPDs) were tested as 
additional genetic markers (Williams et al. 1990). The 10-mers used 
as random primers in the PCR were purchased from Operon Tech- 
nologies, Calif. The nucleotide sequence of the primers described in 
this paper are shown in Table 1. RAPD loci were named by OP 
followed by the Operon primer kit designation (a letter and a 
number); the size of each PCR product is not given. If more than one 
independently segregating polymorphic band were amplified by the 
same primer, capital letters were used to differentiate t hem-  an A 
indicates the band of highest molecular weight. 

The reactions were prepared as described by Martin et al. (1991) 
and were amplified using either a Perkin-Elmer Cetus DNA Thermal 
Cycler or a MJ Research PTC100 Programmable Thermal Control- 
ler. Reaction products were analyzed by electrophoresis on a 2% 
agarose gel and stained with ethidium bromide. A total of 500 primers 
were surveyed on the parental lines, with 26% of the primers showing 
reproducible and clearly scorable polymorphism (presence of the 
band in the PM parent and absence in both Ea and Eb parents). 
Of these primers 47 were assayed on the first 26 BCa plants for 
approximate localization on the genetic map. For 3 primers (OPAI-2, 
OPK-8 and OPV-20) the analysis was extended to the entire BC t 
population. These 3 primers were included in the map used for QTL 
mapping. 

GA TA rnicrosatellite analysis 

Materials and methods 

Plant material 

The processing inbred Lycopersicon esculentum cv'M82-1-7' (denoted 
Ea) was crossed as pistillate parent to the accession LA1589 of the 
red-fruited wild species L. pimpinellifolium (denoted PM) originating 
in Peru. To obtain the BC1 population, a single interspecific F1 plant 
was backerossed to the related processing inbred L. esculentum 
cv~ Eb) using the F~ as the female parent. The BC~ 
plants were sown in flats in the greenhouse in April 1992. At the end of 
May, 264 BC 1 progeny were transplanted to the field in Ithaca, N.Y., 
and 257 were used to construct the genetic linkage map. 

The oligonucleotide probe GATA s synthesized at Cornell was used in 
order to detect GATA-containing microsatellite loci valuable for 
mapping purposes (Vosman et al. 1992). Genomic DNA for the first 
54 BC1 plants was digested with TaqI, loaded on 0.9% agarose gels 
(20 x 24.5 cm) and electrophoresed for 48 h (25V) for the entire length 
of the gel. Southern blot analysis and hybridization were performed 
as described by Bernatzky and Tanksley (1986a, b). The oligonucleo- 
tide probe was [32P]-labeled by primer extension (Feinberg and 
Vogelstein 1983). Bands and subsequent loci are designated by 
GATA followed by a letter. The band of highest molecular weight is 
indicated with an A. 

Statistical analysis 

Morphological markers 

The BC 1 population segregated for determinacy and uniform 
r ipening- two simply inherited morphological traits controlled 

Segregation ratios for marker classes were summarized and checked 
for conformity with the expected 1 : 1 ratios with the chi-square test 
using the computer programs MAP MANAGER (Manly 1993) and 
qGENE (Nelson 1994). 



Table 1 List of 10-mer primers 
(Operon Technologies) 

Primer Sequence (5' to 3') RAPD Locus Chromosome number 

OPAA-1 AGACGGCTCC OPAA-1A 1 
OPAC-6 CCAGAACGGA OPAC-6 1 
OPK-17 CCCAGCTGTG OPK-17 1 
OPQ-6 GAGCGCCTTG OPQ-6 1 
OPS-10 ACCGTTCCAG OPS-10 1 
OPT-17 CCAACGTCGT OPT-17 1 
OPV-3 CTCCCTGCAA OPV-3 1 
OPC-15 GACGGATCAG OPC-15 1 

OPAG-8 AAGAGCCCTC OPAG-SB 2 
OPAN-1 ACTCCACGTC OPAN-1 2 
OPB-8 GTCCACACGG OPB-8 2 
OPK-18 CCTAGTCGAG OPK-18 2 

OPG-12 CAGCTCACGA OPG-12B 3 

OPAI-2 AGCCGTTCAG OPAI-2 5 
OPAN-18 TGTCCTGCGT OPAN-18 5 

OPY-16 GGGCCAATGT OPY-16 6 
OPAA-7 CTACGCTCAC OPAA-7A 6 
OPAD-9 TCGCTTCTCC OPAD-9B 6 
OPAN-16 GTGTCGAGTC OPAN-16 6 

OPX-11 GGAGCCTCAG OPX-11 7 
OPY-4 GGCTGCAATG OPY-4 7 
OPAD-9 TCGCTTCTCC OPAD-9A 7 
OPAF- 18 GTGTCCCTCT OPAF- 18 7 
OPAM-6 CTCGGGATGT OPAM-6 7 
OPAM-9 TGCCGGTTCA OPAM-9 7 
OPK-8 GAACACTGGG OPK-8 7 
OPQ-5 CCGCGTCTTG OPQ-5 7 
O PT- 16 GGTGTAACGCT OPT- 16 7 

OPAA- 1 AGACGGCTCC OPAA- 1B 8 
OPAG-8 AAGAGCCCTC OPAG-SA 8 
OPAN-10 CTGTGTGCTC OPAN-10 8 
OPAN- 14 AGCCGGGTAA OPAN- 14 8 
OPF-20 GGTCTAGAGG OPF-20 8 
OPH-14 ACCAGGTTGG OPH-14 8 

OPS-20 TCTGGACGGA OPS-20 9 
OPG-12 CAGCTCACGA OPG-12A 9 

OPAD-2 CTGAACCGCT OPAD-2 10 
OPAJ-1 ACGGGTCAGA OPAJ-1 10 
OPV-14 AGATCCCGCC OPV-14 10 
OPV-20 CAGCATGGTC OPV-20 10 
OPA-2 TGCCGAGCTG OPA-2 10 

OPY-14 GGTCGATCTG OPY-14 11 
OPK-11 AATGCCCCAG OPK-11 11 
OPV-9 TGTACCCGTC OPV-9 11 

OPAC-2 GTCGTCGTCT OPAC-2 12 
OPA- 17 GACCGCTTGT OPA- 17 12 
OPF-16 GGAGTACTGG OPF-16 12 
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Linkage analysis of the 257 BC~ plants was performed with the 
software package MAPMAKER (Lander et al. 1987). In order to 
include a locus in a linkage group, a LOD threshold of 3.0 and a 
recombination fraction of at most 0.35 were chosen in the two-point 
analyses. The "order" and "ripple" commands were then used, re- 
spectively, to establish and verify the framework order of markers 
within groups. Markers were included within the framework map 
only if the LOD value for the ripple was greater than 3. Once the 
linear arrangement of marker loci along the chromosome was deter- 
mined, the recombination frequencies between markers were es- 
timated with multipoint analyses. The Kosambi mapping function 
(Kosambi 1944) was used to convert recombination frequencies to 
map distances in centiMorgans (cM). 

The distribution of percentage of the recurrent parent (E) geno- 
type in the 257 BC1 progeny was estimated on the basis of marker 

genotypes and map distances using the computer program HYPER- 
GENE (Young and Tanksley 1989). 

The average donor segment length for the BC 1 population was 
calculated using the program qGENE (Nelson 1994) as described in 
Tanksley and Nelson (1996) and in Tanksley et al. (1996). 

Results and discussion 

Segregation and linkage analyses 

A total of 120 genetic markers (115 RFLP, 3 RAPD and 
2 morphological loci, the sp and u genes) were scored for 
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each of the 257 BC 1 plants. The resulting linkage map 
spanned 1279cM with an average interval length of 
10.7cM between markers (Fig. 1). Due to the low 
level of polymorphism, a few regions of the genome (on 
chromosomes 7,9 and 12) contained some intervals 
considerably longer than 20 cM. 

The L. esculentum x L. pimpinellifolium (denoted 
E x PM) map obtained in this study was compared with 
the previously reported L. esculentum x L. pennellii (de- 
noted E x P) high-density molecular map based on 1030 
markers covering 1276 map units (Tanksley et al. 1992). 
The order of markers in the two maps is in good 
agreement. The E x PM map is based on a larger numb- 
er of individuals and provides a better resolution of 
markers in a few instances, including (TG70-CT149) on 
chromosome 1, (TG525-TG129) on chromosome 3, 
(TG182-TG147) on chromosome 11 and (TG565- 
T G l l l )  on chromosome 12 (Fig. 1). 

Of the 120 markers scored in the E x PM population, 
I0 (8.3%) showed significant deviation from the ex- 
pected 1 : 1 segregation ratio at P < 0.05 (Table 2; Fig. 1). 
Eight of these 10 markers displayed a higher frequency 
of heterozygotes than expected. These 8 markers map- 
ped to chromosome 1 (2 markers), chromosome 8 (1 
marker) and chromosome 11 (5 markers). The 2 loci 
skewed toward the E allele mapped to chromosome 5. 

Segregation distortion has been reported in many 
interspecific crosses (Stephens 1949; Zamir et al. 1982; 
Wendel et al. 1987; Bonierbale et al. 1988; Paterson 
et al. 1988, 1991). Aberrant segregation might be caused 
by self-incompatibility genes, gametophytic selection 
and partly by viability selection of segregating plants 
(Zamir et al. 1982; Gebhardt et al. 1991). 

When more distantly related wild species of tomato 
are used to generate segregating populations, more 
severe segregation distortion is often detected. In a BC, 
population with L. chmielewskii (CL), Paterson et al. 
(1988) reported skewness from the expected 1:1 segrega- 
tion ratios for 69% of the markers; this constituted 21 
distinct regions spread over all the 12 chromosomes. 

Table 2 Significant deviation from the expected 1:1 ratio in the L. 
esculentum x L. pimpinellifolium BC 1 generation (E esculentum allele, 
PM pimpinellfolium allele) 

Locus Chromosome Genotypes 

E/E E/PM 

CT191' 1 105 137 
TG465" 1 110 142 
CT93" 5 142 110 
CT118A* 5 132 101 
TG176** 8 96 156 
TG384" 11 109 145 
TG546"* 11 102 148 
TG36* 11 105 145 
I2"* 11 99 144 
TG393"* 11 106 150 

*P < 0.05; **P < 0.01 

Fig. 1 Genetic linkage maps of tomato derived from the L. esculen- 
turn x L. pimpinellifolium (E x PM) BC 1 population of 257 plants (gray 
chromosomes) and from the L. esculentum x L. pennellii (E x P) F 2 
population of 67 plants (hatched chromosomes) (Tanksley et al. 1992). 
The order of the markers is the one obtained in the E x PM map. 
Numbers on the left correspond to map distances between markers in 
cM (Kosambi function). Chromosome map distances refer to those 
obtained using the set of 114 common RFLP markers indicated by 
dashed lines. Loci names are listed at right of chromosomes. Markers 
enclosed in parentheses have been located to corresponding intervals 
of the high-density tomato molecular map with LOD < 3; underlined 
are loci for which the position on the high-density molecular tomato 
map was approximated from previously published maps; all other 
markers reported have been ordered with LOD > 3 (Tanksley et al. 
1992). Shading indicates the 6 extra markers (sp, u, I2, OPAI-2, 
OPK-8 and OPV-20) included in the map used for QTL analysis. 
Markers separated by commas cosegregate. E x P map: Squared 
brackets and black lines indicate approximate position ofcentromeres 
(see text for details). E x PM map only: OP primers indicated by tick 
marks have been mapped using the entire BC 1 population; OP 
primers at right of chromosomes have been mapped using a subset of 
26 BC1 plants. Black squares on chromosomes 1, 8 and 11 indicate 
markers with segregation significantly skewed in favor of the PM 
allele. White squares on chromosome 5 indicate markers with a 
segregation significantly skewed in favor of the E allele. [CD tomato 
leaf cDNA; CT tomato epidermal cDNA; TG tomato genomic clones; 
OP RAPD primers; sp self pruning; u uniform ripening; PGAL 
polygalacturonidase; I2 resistance to Fusarium oxysporum race 2; 
GATA-A-F GATA-containing loci mapped on 54 E x P M  BC 1 
plants; GATA-1-8, ATT-a, Ga-3 microsatellite loci mapped on 
67 E x P F 2 plants (Broun and Tanksley 1996); 126- GATA-contain- 
ing loci mapped on a different E x P F 2 population (Arens et al. 
1995)] 

Twelve of these regions showed excess of the hetero- 
zygote (E/CL). Less distortion (51% of markers) was 
reported in a F 2 population derived from a cross of 
tomato with the wild species L. cheesmanii (CM) (Pater- 
son etal. 1991). For the same interspecific cross, 
E x CM, a study was conducted on 97 recombinant 
inbred lines (Paran et al. 1995). In this case 73% of the 
markers showed significant deviation from the expected 
1 : 1 ratio between the two homozygous classes, and 98% 
of the deviating markers were skewed in favor of the 
esculentum alleles. In a L. esculentum x L. pennellii F 2 
population 80% of the markers, representing 16 linked 
segments spread over all 12 chromosomes, deviated 
significantly from the expected 1:2:1 frequency, with 
82% favoring the P allele (de Vicente and Tanksley 
1993). 

The E x PM population reported here has less over- 
all skewing than most of the other interspecific crosses 
reported for tomato. The marker showing the strongest 
distortion (toward the PM allele) was TG176, which is 
located at the top of chromosome 8 (Table 2; Fig. 1). On 
the same chromosome, but at a lower position, two 
previous studies based on isozyme markers (Tanksley 
et al. 1982; Vallejos and Tanksley 1983) showed strong 
skewing at the Aps-2 locus, but in favor of the escuIentum 
homozygote. It has been proposed that the two green- 
fruited species (L. hirsutum and L. pennelli) share a 
common genetic factor near Aps-2 on chromosome 8 
that is deleterious when introduced into a L. esculentum 
genetic background. These results are in agreement with 
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those reported for an E x CL backcross population 
(Paterson et al. 1988) and for morphological markers 
(Rick 1972). In a E x P F 2 population skewness was 
reported for the same region of chromosome 8 but 
toward the wild allele (de Vicente and Tanksley 1993). 
Recently, Eshed and Zamir (1995) also observed dis- 
torted segregation associated with the Aps-2 locus, and 
they suggested the skewness in favor of the E allele to be 
due to the elimination of male gametes carrying the L. 
penneIlii allele. The BC~ population analyzed in the 
present study was obtained using the Ft as pistillate 
parent. This excludes male gamete elimination as the 
possible cause of the distorted segregation observed for 
the E x PM BC~ population. 

Genome composition of BCa individuals 

On average, the BC 1 individuals were inferred to be 
homozygous for the E alleles throughout 74% of the 
genome, which is very close to the expected 75% for a 
backcross (Fig. 2). Values for individual plants ranged 
from 61% to 87%. The individual with 87% appears to 
carry 8 chromosomal fragments from PM that range 
from 4.8 to 82.7 cM in length. The average length of the 
pimpinellifolium segment for the BC~ population was 
49.7 cM. 

Distribution of recombination along chromosomes 

A set of 114 RFLP markers is shared between the 
E x PM population reported here and the E x P popu- 
lation used to create the high-density molecular linkage 
map of tomato (Tanksley et al. 1992) (Fig. 1). The total 
map distances, 1275 and 1230 cM respectively, were very 
similar for the two crosses. Considering the much closer 
phylogenetic relationship of L. pimpinellifolium to L. 

Fig. 2 Distribution of percentage of recurrent parent (E) genotype in 
the BC~ population, estimated on the basis of the marker genotypes 
and their relative distances 
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esculentum than that of L. pennellii to L. esculentum, an 
increase in total recombination might have been ex- 
pected (Miller and Tanksley 1990). However, while there 
was no difference in the overall level of recombination in 
the two maps, there were considerable differences in the 
distribution of recombination. For example, the total 
length of chromosome 2 in the E x PM cross is 98 cM 
compared with 128 cM for the E x P cross. Similar but 
less pronounced trends were also seen with chromo- 
somes 4 and 6. For most of the other chromosomes, the 
E x PM population revealed higher recombination 
frequencies. 

On the E x P map, clusters of tightly linked markers 
were observed for several regions of the genome (Tan- 
ksley et al. 1992). Cytogenetic analysis indicated a high 
density of marker genes at the junction of the hetero- 
chromatin and euchromatin (Khush and Rick 1968). 
The dense clustering of markers that occurs mainly at 
centromeric and possibly telomeric regions has been 
attributed to suppressed recombination, which stems 
from a direct inhibitory effect on recombination of the 
centromere itself and/or adjacent centromeric hetero- 
chromatin (Tanksley et al. 1992). This hypothesis is 
supported by high-resolution genetic and physical map- 
ping around the centromeres of chromosomes 7 and 9 
(Ganal et al. 1989; Frary et al. 1996). 

The approximate map position of the centromere is 
now known for most tomato chromosomes (Fig. 1). For 
the submetacentric chromosomes, 1 and 2, the centric 
positions have been obtained by RFLP mappng and by 
in situ hybridization of ribosomal sequences, 5S rDNA 
in chromosome 1 and 45S rDNA in chromosome 2 
(Tanksley et al. 1988; Lapitan et al. 1991). The cen- 
tromere of chromosome 3 has been recently located on 
the integrated molecular-classical map in the interval 
between the markers TG66 and TG246 (Koornneef 
et al. 1993; van der Biezen et al. 1994). By means of 
radiation-induced deletion mapping, Van Wordragen 
et al. (1994) placed the centromere of chromosome 6 in 
the GP79-Aps1 interval of the integrated map. A more 
precise localization of the centromeres of chromosomes 
7 and 9 has been achieved via dosage analysis of trisomic 
stocks (Frary et al. 1996). In addition, for chromosomes 
5, 9, 10, 11 and 12, a good indication of the centric areas 
is provided by the positions of the respective break- 
points for the paracentric inversions that differentiate 
tomato and potato (Tanksley et al. 1992). Likely map 
locations for the centromeres of chromosomes 4 and 8 
were predicted based on the relationship among the 
cytological, genetic and molecular tomato maps (Khush 
and Rick 1968; Tanksley et al. 1992). For most of the 
cases listed above, the proposed positions of the cen- 
tromeres fall in regions of high marker density (Tanksley 
et al. 1992). 

In the E x PM map, several of these putative cen- 
tromeric regions (e.g. chromosomes 1, 3, 4, 5, 11 and 12) 
appear to be less suppressed in recombination than was 
observed in the E x P population (Tanksley et al. 1992) 
(Fig. 1). The most striking case is chromosome 3. The 
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E x PM cross showed almost threefold more recom- 
bination in the centromeric interval TG66-TG246 than 
was observed in the E x P map. An approximately 
twofold increase in recombination frequency for the 
E x PM cross was observed for the centromeric inter- 
vals TG67-TG273 and CT211A-TGll l  on chromo- 
somes 1 and 12, respectively. The value went down to 1.5 
times for chromosomes 4 (TG483-CT178), 5 (CT93- 
CT118A) and 11 (CT182-TG546). 

The increased recombination frequency exhibited at 
several putative centric regions in the E x PM popula- 
tion versus the E x P population suggests that centric 
suppression of recombination may be greater in crosses 
with more distant species. This seems to agree with 
previous observations that, at least for some chromo- 
somes, meiotic recombination is suppressed in the cen- 
tromeric heterochromatin, and that this suppression 
can be more extreme in wide crosses (Khush and Rick 
1967, 1968; Rick 1969, 1972). However, it is not an 
inviolable trend since a decrease in recombination was 
seen for centric regions corresponding to chromosomes 
2, 6, 7 and 9. Two large F 2 populations derived from 
E x P and E x PM crosses have been analyzed with the 
goal of better resolution of the markers in the cen- 
tromeric regions of chromosomes 7 and 9 (Frary et al. 
1996). Significant suppression of recombination at the 
centric regions of these two chromosomes was found for 
both populations. High-resolution mapping extended 
to the centromeres of other tomato chromosomes 
should clarify the mechanism regulating the rate of 
chromosomal recombination in hetero- and euchro- 
matic regions relative to different interspecific crosses. 

density of markers and where the position of the cen- 
tromere has been inferred based on the tomato-potato 
comparative maps (Tanksley et al. 1992). An additional 
two bands, GATA-B and GATA-D, mapped at the top 
of chromosome 6, where the centromere has recently 
been mapped (Van Wordragen et al. 1994). The sixth 
band, GATA-E, mapped on chromosome 10, also in the 
region of high marker density and of inferred centric 
position (Tanksley et al. 1992). 

The current study, in which a different interspecific 
population was used, supports the results ofArens et al. 
(1995), Broun and Tanksley (1996) and Y. Eshed and D. 
Zamir (personal communication) where different L. es- 
culentum x L. pennellii F 2 populations were used to map 
GATA-containing loci. GATA clusters are thus now 
known to be located in most if not all of the centromeric 
regions of the tomato chromosomes. 

The reason(s) for the clustering of GATA repeats near 
tomato centromeres is unknown. For certain types of 
SSRs possible functinal roles have been proposed; for 
example, in gene regulation or as hot spots for recom- 
bination (Tautz and Renz 1984; Walsh 1987). Therefore, 
one could speculate about a possible functional prop- 
erty of the SSRs related to the centromere itself. Alterna- 
tively, Charlesworth et al. (1986) suggest that regions of 
reduced recombination, such as those around cen- 
tromeres, tend to accumulate and retain tandem repeats. 
Whatever the reason(s), it seems clear that both classes 
of markers, RAPD and GATA microsatellites, preferen- 
tially mark centromeres and are unlikely to provide 
uniform coverage of the tomato genome. 

GATA microsatellites and RAPDs are preferentially 
located near centromeres 

The map positions of 47 RAPDs on the E x PM map 
appear to be non-randomly distributed. Thirty-five 
(75%) of them clustered around the putative cen- 
tromeric regions (Fig. 1). For example, 6 primers map- 
ped to the 13-cM TG125-TG70 centromeric interval on 
chromosome 1, 7 clustered close to the centric region on 
chromosome 7, 5 each were found in the centric areas of 
chromosomes 8 and 10 and 4 others mapped within a 
very short interval in the centromeric region of chromo- 
some 6. 

GATA microsatellites showed an even stronger pre- 
ference for centromeres (Fig. 1). Six polymorphic bands 
from the TaqI digest could be scored clearly on the BC1 
progeny and were designated GATA-A to GATA-F. 
The bands GATA-A and GATA-C mapped on chromo- 
some 3, precisely in the area where the E x P high- 
density molecular map showed a more than tenfold 
increase in marker density and where the centromere 
has been located (Koornneef et al. 1993; van der Biezen 
et al. 1994). On chromosome 5, the band GATA-F 
mapped in the region delimited by the markers CT93 
and CTll8A, which is also characterized by a high 

Conclusions 

The genetic analysis conducted in this study shows that 
the E x PM map and the high-density molecular E x P 
map are very similar in total map distances and marker 
order. The mapping results obtained for the RAPDs and 
the GATA microsatellites suggest that these two classes 
of molecular markers are not randomly distributed but 
preferentially mark centromeric regions. Thus, maps 
constructed with only these types of markers are unlike- 
ly to provide the full genome coverage necessary for 
QTL mapping projects or marker-assisted selection in 
tomato. 

A genetic linkage map has been constructed using 
120 genetic markers (96% of which were represented by 
RFLPs) and covering the 12 tomato chromosomes at 
average intervals of 10.7cM. This map provides the 
basis for QTL studies in L. esculentum x L. pimpinel- 
lifolium mapping populations (Grandillo and Tanksley 
1996; Tanksley et al. 1996). 
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